The R Coronae Borealis (RCB) stars produce dust at irregular intervals, but the distribution of the circumstellar material is not known. We report spectropolarimetry of R Coronae Borealis (R CrB) itself, obtained in a deep decline with the Wisconsin-Indiana-Yale-NOAO telescope. The continuum is polarized D1% in the red, rising to D2% in the blue. There are signiÐcant polarization variations across the emission lines. The polarization of the Na I D lines indicates that light from the emission-line region is scattered but at a di †erent angle from the stellar continuum. The position angle of the continuum polarization is almost constant from 1 km to 7000 but then changes rapidly, rotating by D60¡ A between 7000 and 4000
INTRODUCTION
The R Coronae Borealis (RCB) stars are hydrogendeÐcient, carbon-rich, postÈasymptotic giant branch (AGB) stars They produce dust at irregular inter- (Clayton 1996) . vals, but the distribution of the circumstellar material is not known. When dust forms along the line of sight, a decline occurs. These declines can be spectacular with the brightness of the star dropping by 8 mag or more for a period of weeks or months. The dust formation mechanism is not well understood. However, shocks have been detected in the atmosphere of one RCB star, RY Sagittarii. The passage of a shock causes local density enhancements and encourages a nonequilibrium state such that preconditions for carbon nucleation may be temporarily present Goeres, & (Woitke, Sedlmayr Such conditions present locally over the 1996). surface of the star could form a cloud of carbon dust, which then is ejected by radiation pressure. During declines, emission from dust and warm gas around RCB stars does not fade as it would if the stellar photons powering this emission were cut o †. This implies that dust typically forms in patchy clouds rather than in a complete shell (Feast 1979 ;  However, it is unknown whether these dust Clayton 1996) . patches form randomly over the surface of the star or whether there is a preferred direction or plane for the mass loss & Lambert (Clayton 1995 ; Feast 1996) . Rao (1993) have suggested that RCB stars are bipolar nebulae with a high-velocity bipolar wind and a dusty equatorial torus.
On large spatial scales, dust shells are seen around several RCB stars, including R CrB and V348 Sagittarii et (Gillett al. Tadhunter, & Hill 1986 ; Walker 1986 ; Pollacco, 1990) . These large resolvable dust shells may be the result of previous planetary nebulae or helium shell Ñash phases and have little to do with the present mass-loss mechanism A very unusual nebulosity has been seen (Clayton 1996) . around the RCB star UW Centauri et al. (Pollacco 1991) . This dust shell has a bipolar shape with two sets of symmetrical "" jets.ÏÏ Polarimetry allows the study of dust around RCB stars on very small spatial scales, unreachable with conventional imaging. RCB stars in decline can show large polarizations when a dust cloud blocks o † most or all of the direct unpolarized light from the star and there is an asymmetrical distribution of dust around the star et al. (Whitney 1992 ). The dust must be very close to the star to scatter signiÐcant amounts of light, so polarimetric observations tell us only about recently formed dust. et al. suggested Stanford (1988) that the position angle of the polarization in three declines of R CrB, in 1968 R CrB, in , 1972 R CrB, in , and 1986 The absorption Table 2 . features in the red portion of the spectrum are telluric in origin.
Observatory (PBO). The spectropolarimeter is a modiÐed Boller & Chivens spectrograph with a rotating superachromatic waveplate after the slit & Harris (Nordsieck Spectra are obtained at eight waveplate angles on a 1996).
Reticon 400 ] 1200 CCD. Two gratings are used, producing spectra and 3 pixel resolutions of 3200È6200 (9 and A A ) 6000È10500 (12 Two polarized star spectra and two A A ). polarized sky spectra are obtained simultaneously. The calibration accuracy in polarization is^p/500 and in position angle is^1¡. There is an uncertainty of D0.1% in the correction for instrumental polarization. This small uncertainty does not a †ect the results presented here.
The WIYN spectropolarimetric data of R CrB were obtained on 1996 April 7 (JD 2,450,180). The polarimetric data have been binned to 1 p errors of 0.04% in the blue grating and 0.006% in the red grating. The data are plotted in Spectropolarimetry was also obtained at PBO Figure 1 At the beginning of 1995 October (DJD 2,449,991), R CrB faded quickly from its maximum (V D 5.8), reaching a minimum (V º 13) a month later (DJD 2,450,027) (Mattei R CrB was observed at PBO when the star 1995a, 1995b). was about 2 mag below maximum about 2 weeks into the decline. The spectrum showed evidence of reddening, but the normal stellar absorption lines were present and possibly slightly "" veiled ÏÏ because of the Ðlling in of absorption lines with emission (Herbig 1949 ; Payne-Gasposchkin The polarization had increased substantially and 1963). showed a wavelength dependence rising from D0.5% in the red to D1.0% in the blue. The position angle was constant at D100¡ from 4000 to 1 km. A The brightness of R CrB remained fairly constant at V \ 13.2È13.7 for 5 months from 1995 November to 1996 March. & Rosenbush found a large polarizaEÐmov (1996) tion rising to D6% in the blue at a position angle of D100¡ early in January. By the end of the month, the polarization had dropped to D5% and a signiÐcant position angle rotation of D20¡ had developed. During minimum, the light curve remained Ñat for D150 days. This Ñat-bottom behavior is thought to occur when all direct starlight is extinguished by a thick cloud and we see only scattered light from dust around the star et al. (Whitney 1992 ; Whitney, Balm, & Clayton 1993) .
The brightness of R CrB began to recover around the end of March (DJD 2,450,177), reaching V \ 12.5 a few days later when the WIYN observation was obtained (Mattei The WIYN spectrum of R CrB, shown in 1996a , 1996b .
contains a large number of emission lines, particu- Figure 1 , larly in the blue. Typically, at this late phase of the decline (D6 months after the onset) only a few emission lines are present, such as Ca II H and K, the Na I D lines, and He I j3888 (the BL late decline phase)
Early in a (Clayton 1996) . decline, many blended emission lines appear that fade in a few days (the E1 early decline phase). Some of these lines persist for several months (the E2 mid-decline phase). This new spectrum is typical of the E2 phase, although it was obtained a particularly long time after the beginning of the decline et al.
The emission (Alexander 1972 ; Clayton 1996) . lines are identiÐed in Those lines identiÐed with the Table 2 . E2 and BL phases are marked.
shows that the Figure 1 polarization of R CrB rises from D1% in the red to D2% in the blue. The position angle of the polarization is almost constant from 1 km to 7000 but then changes rapidly, A rotating by D60¡ between 7000 and 4000 There is also a A . large polarization variation across the Na I D lines in R CrB. There also seems to be a variation across the Ca II lines in the red.
Since the WIYN observation, the recovery has continued with R CrB leveling o † at V D 8 during 1996 JuneÈ1996 August (Mattei 1996c (Mattei , 1996d . Type 1b polarization behavior is inter-1994). preted as resulting from a thick disk or torus obscuring the central star and from one or two lobes of dust lying along the poles that act as reÑection nebulae. In the blue, the torus is opaque, and light escaping from the poles of the star is scattered into the line of sight. There is little or no direct, unpolarized starlight. In the red, there is less optical depth in the torus, and light is scattered in the torus itself. In the idealized case, the position angles of these two polarization components di †er by 90¡. The two type 1b objects show position angle rotations of D70¡ much like R CrB. A rotation of less than 90¡ can arise if the scattering material is clumpy so that the position angle of the scattered light does not average to a vector parallel or perpendicular to the equatorial disk et al. This type of large (Trammell 1994) . position angle rotation with wavelength has not been seen previously in R CrB or any other RCB star. Only one similar spectropolarimetric observation has been obtained of an RCB star deep in a decline. This observation of V854 Cen showed a polarization steeply rising to the blue but no position angle rotation between 7000 and 4000 A (Whitney et al. 1992) .
The 1996 April observation with WIYN can be explained by a thick torus and additional dust lying over the poles. To be consistent with other observations of RCB declines, the equatorial torus must be thick enough (i.e., have enough vertical height) to obscure the entire photosphere. The observations from earlier in the decline (October and January) have position angles of D100¡, consistent with scattering from the dust over the poles. Therefore, the polar dust was present throughout the decline and perhaps before. In early January at decline minimum, the position angle is still near 100¡, but by the end of January a position angle rotation of D20¡ had developed & (EÐmov Rosenbush
These observations were taken when the 1996). star was about 1 mag fainter than in April, so perhaps the torus was so optically thick that no signiÐcant scattering occurred in the disk even in the red. Only when the disk had dispersed slightly did we see the large position angle rotation. Alternatively, the torus was expanding and becoming more asymmetric as the decline progressed. Another possibility is that the cloud obscuring the star changed the scattering geometry as it expanded and eclipsed other dust clouds around the star. The latter two options may be better since the position angle rotation seemed to increase between the two January observations, while the brightness of the star remained fairly constant.
In addition to the deep decline of 1995È1996, Ðlter polarimetry of R CrB while deep in the declines of 1972, 1974, 1977, and 1988È1989 has been added from the literature, giving us a data set of Ðve declines with polarimetry having some wavelength information when R CrB was º5 mag below maximum. These data are summarized in Table 1 (1968, 1986, 1993) are plotted with crosses and polarization in the Na I emission line with a plus sign. All data have been corrected for the interstellar component. The shaded area shows the position angle for dust in two orthogonal directions of 30¡ in extent.
lying along two roughly orthogonal directions around R CrB. A shaded area has been plotted in showing Figure 3 where the position angle would be for two orthogonal "" bipolar outÑows ÏÏ of 30¡ extent centered at 15¡ and 105¡. The observations Ðt quite well into the shaded areas. It seems natural to equate these two directions with the equator and poles of the star, but whether R CrB is a classical bipolar object is open to debate. Over the last two decades when dust has obscured the photosphere of the star, there have always been dust clouds with asymmetries along one or both of these orthogonal directions. Since the dust must be close to the star to polarize light efficiently, and because dust is rapidly blown away from the star by radiation pressure, the dust providing the scattering must have been recently formed near the star during or shortly before the decline being observed et al. (Whitney 1992 ; So while there seems to be a longCode 1995). term "" memory ÏÏ for dust ejection directions, we are seeing newly formed dust in each decline.
The polarization of R CrB at maximum light also has a position angle near 100¡, so rather than being interstellar, this polarization could also be caused by dust over the poles. In 1991 there was no decline of R CrB, but its polarization varied at a small but signiÐcant level et al. (Clayton Fourteen of the 20 observations lie in the two quad-1995). rants h \ 0¡È45¡ and 90¡È135¡. Most points lie within 3 p of the two 30¡ regions plotted in These variations Figure 3 . could be the result of dust formation episodes where no dust forms along the line of sight.
The polarized Ñux (polarization multiplied by the Ñux) is a measure of the fraction of the starlight that is scattered toward us by dust. In the 1995È1996 decline of R CrB, the polarized Ñux is D10~3 in the early decline and D10~5 F * for the WIYN data. These values are typical for RCB F * declines et al. et al.
The data (Whitney 1992 ; Clayton 1995) . are fragmentary, but there is some indication that the polarized Ñux decreases with time during a decline. This could be because less dust is present to scatter starlight, or because of a less asymmetrical distribution of dust.
As mentioned above, the only previous spectropolarimetry of an RCB star in decline is an observation of V854 Cen made in a deep decline in 1991 et al. (Whitney Only the BL-phase emission lines were present then, 1992). including the Swan bands of and the Balmer lines. Large C 2 changes in polarization occurred across these emission lines, while the continuum showed a polarization rising into the blue. The polarized Ñux indicated that the emission lines were unpolarized, so their photons are not scattered but are seen directly, unlike the stellar continuum.
shows Figure 1 that there is also a large polarization variation across the Na I D lines in R CrB. There also seems to be a variation across the Ca II lines in the red. The signal-to-noise ratio in the blue does not allow variations to be seen across any other emission lines, including Ca II H and K. The polarization in the Na I D lines in R CrB is quite di †erent from the continuum polarization but is not consistent with the interstellar component. The measured values in the Na I D emission line are q \ [1.46%^0.31% and u \ 0.40%0 .31%. This point is plotted in The Ca II triplet Figure 3 . shows a similar line e †ect but at a much lower signal-tonoise ratio. Within the errors, the polarization in these three lines is the same as in Na I. In general, the emission-line region is seen directly early in a decline but becomes progressively eclipsed as the dust cloud is blown away from the star and expands. Apparently, unlike the V854 Cen observation, some of the emission-line region photons are being scattered from the torus or poles but from a di †erent geometry than the stellar continuum. There are two other apparent features in the polarization spectrum of R CrB that appear at the same wavelengths as the Swan bands. However, the Swan bands are not visible in the integrated light spectrum of R CrB seen in
The apparent Figure 1 . polarization features are present at about the 3 p level.
SUMMARY
The previous analyses of R CrB declines were based on polarimetry of one decline with wavelength information (1972) and four declines with little or no wavelength information (1968, 1986, 1988È1989, 1993) , and were largely based on observations where the position angle was averaged over a large wavelength range et al. (Stanford 1988 ; In addition, with the exception of the Clayton 1995). 1972 decline, the polarimetry was obtained when R CrB was ¹2 mag below maximum and the magnitude of the polarization was small (¹0.5%). Our new analysis using only data from deep in declines with wavelength information gives a more accurate picture of the dust geometry around R CrB.
The new data strengthen the suggestion that there is a preferred direction to the dust ejections in R CrB. A bipolar geometry is implied, perhaps similar to the jets seen in the image of the dust nebula surrounding UW Cen et (Pollacco  al. RCB stars may resemble the bipolar nebulae sug-1991). gested by & Lambert Such a nebula is consisRao (1993). tent with other observed behavior during RCB star declines
In this scenario, a thick equato- (Clayton 1996 ; Feast 1996) . rial torus of dust forms causing a decline. A bipolar outÑow occurs around the poles. Velocities of 200È300 km s~1 have been measured in blueshifted absorptions during declines
The emission-line region and the surround- (Clayton 1996) . ing dust cloud can still be heated by starlight through the relatively unobscured polar regions. The emission-line region is at least somewhat separated from the dust clouds. The evidence from the V854 Cen decline is that we were seeing the emission directly, not scattered by dust (Whitney et al. In R CrB, the emission is scattered but at a 1992). di †erent angle than the stellar continuum. The torus will eventually blow away from the star and dissipate as a result of radiation pressure once dust formation ceases, and the star will return to maximum light. However, R CrB does not always display this kind of classic bipolar behavior. The polarimetric data show that the combination of the obscuring dust cloud and other clouds around R CrB produces scattering along the same two orthogonal directions in all declines of the last 20 years. But only once has it shown a position angle rotation indicating the presence of a thick torus and polar dust simultaneously.
A geometry such as this would also help explain RCB stars such as Y Muscae, because there would be RCB stars that we view down the poles that would have no or small declines but would still have IR excesses Y (Feast 1996) . Mus has a signiÐcant IR excess indicating a hot dust shell similar to those seen in other active RCB stars, yet has had no recent declines Therefore, (Clayton 1996 ; Walker 1986 ). this star is regularly producing dust but not along our line of sight. There is no evidence to indicate why RCB stars might have asymmetrical dust production. RCB stars are not binaries, nor are they rapid rotators (Clayton 1996 (Bjorkman 1993 ; Livio 1994) . Ðts in well with the possibility of RCB stars being related to other postÈAGB stars et al. (Clayton 1996 ; Trammell 1994) . This may help solve the mystery of the evolution of RCB stars.
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